The pathogenesis of Alzheimer's disease (AD) is characterized by the formation and propagation of both amyloid-β (Aβ) and tau prions in the brain. Mutations in the Aβ precursor protein (APP) gene or the γ-secretase enzyme complex cause early-onset, familial AD (fAD) or cerebral amyloid angiopathy (fCAA) ([@r1]). Specifically, point mutations within the Aβ coding region determine the composition of Aβ isoforms ([@r2], [@r3]), the pattern of cerebral amyloid deposition, and the early onset of disease ([@r4][@r5]--[@r6]). In contrast with sporadic AD (sAD) cases, the extent of parenchymal amyloid deposition in fAD ([@r7]) and vascular amyloid in fCAA patients correlates with cognitive impairment ([@r8], [@r9]). Typically, familial mutations within the central coding region of Aβ decrease thermodynamic stability and accelerate fibrillogenesis in vitro ([@r10][@r11][@r12]--[@r13]). Because fAD and fCAA are autosomal dominant disorders, heterozygous carriers produce both mutant and WT Aβ. In vitro experiments suggest that the aggregation-prone mutant Aβ initially misfolds to form a prion that induces misfolding of both the WT and mutant peptides ([@r11], [@r13]). However, in vivo, it is not clear whether the mutant acts as a prion to induce misfolding of the WT or whether the plaques are composed of the more rapidly aggregating mutant peptide alone.

The current view of AD pathogenesis, like other neurodegenerative disorders involving protein aggregation, is that the formation of a pathogenic protein with a self-propagating structural state, a prion, is the underlying mechanism of disease ([@r14], [@r15]). Both Aβ and PrP prions have the capacity to propagate as distinct strains, which yield unique biochemical and histopathologic properties following transmission to animals ([@r16][@r17][@r18]--[@r19]). Strain-specific biological information is enciphered in the distinct prion conformation of the underlying protein ([@r16], [@r17], [@r20][@r21][@r22][@r23]--[@r24]). Alternative PrP prion conformations can emerge from environmental changes ([@r25]), therapeutic interventions ([@r26][@r27]--[@r28]), or mutations within the *Prnp* gene in mice ([@r29], [@r30]), leading to different incubation times and deposition patterns.

Similarly, we hypothesize that the unique pathology apparent in fAD and fCAA patients (with mutations in the Aβ coding region) is due to a distinct Aβ prion conformation defined by the Aβ mutation. Previous in vitro experiments have suggested that, following a dominant-negative mechanism, the mutant Aβ prion templates its structure onto WT Aβ, thereby inducing a conformational strain or strains not readily formed by the WT. The first clinical evidence suggesting a structural difference between Aβ deposits in sAD versus fAD was shown by positron emission tomography (PET)-based amyloid imaging in fAD patients with the Arctic \[Aβ(E22G)\] or Osaka \[Aβ(E22∆)\] mutation ([@r31], [@r32]). Surprisingly, these fAD patients tested negative for the amyloid-specific PET probe Pittsburgh compound B (PiB), which is commonly used to detect Aβ deposits in sAD cases ([@r33]), despite showing a severe cerebral amyloid burden postmortem ([@r4]). Thus, it would appear that these mutants adopt an alternative Aβ conformation (or strain) with a reduced binding affinity for PiB.

The accumulation of Aβ38 peptides in parenchymal and vascular deposits ([@r2]) is another hallmark of fAD and fCAA patients with mutations within the Aβ coding region. We recently demonstrated that brain tissue from a fAD \[Aβ(E22G)\] patient transmitted to mice induced a distinct pathological phenotype, which included Aβ38 deposition ([@r19]). These studies suggest that mutant Aβ may determine fAD pathogenesis. However, because the fAD patient-derived samples used in these studies contained a mixture of WT and mutant Aβ with isoform distributions different from those seen in sAD, it was not clear whether mutant, homogeneous Aβ peptides could act as prions to model pathogenic plaque formation in vivo.

To examine the mechanisms of mutant Aβ prion propagation, we investigated the interaction between mutant Aβ prions and WT Aβ in vitro and in transgenic (Tg) mice. We hypothesized that the mutant Aβ conformation determines unique conformational strain properties through a dominant-templating process. To test this hypothesis, we injected synthetic Aβ40(E22G) or Aβ40(E22Q) fibrils into the brains of Tg mice expressing only WT peptide. Mutant Aβ prions induced widespread deposition of WT Aβ in inoculated mice. Using multiple conformation-sensitive fluorescent probes ([@r34]) and high-resolution confocal spectral imaging in combination with principal component analysis (PCA), we demonstrate that WT Aβ deposits acquire a relatively homogeneous set of mutant-like conformations that are distinct from those seen in sAD, but closely resemble the conformations seen in fAD human brain samples. Furthermore, the plaque isoform composition induced in the mouse brain was rich in Aβ38, closely matching that seen in the corresponding fAD patients.

Our studies show that Aβ conformations associated with the mutant peptides are sufficient to induce major structural and pathological hallmarks of fAD in mice expressing only WT Aβ. Moreover, we found a dominant-templating process that likely explains the amyloid phenotype observed in fAD patients, although these patients have a heterogeneous mixture of WT and mutant Aβ peptides present in the brain. Importantly, our findings shape our understanding of the fundamental processes governing Aβ prion propagation. We show that the initial self-propagating Aβ conformation is the structure that defines the strain phenotype seen in AD patients.

Results {#s1}
=======

Amyloid Deposits from Distinct Aβ Prion Strains in Sporadic and fAD Patients Can be Differentiated with Structure-Sensitive Probes. {#s2}
-----------------------------------------------------------------------------------------------------------------------------------

Amyloid-negative PET scans in fAD patients with abundant Aβ deposition suggest that distinct Aβ conformations are present in these individuals compared with sAD patients. Initially, we probed Aβ deposits using the amyloid-binding dye FSB \[(E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene\] ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"} and [Fig. S1](#d35e658){ref-type="supplementary-material"}) in brain slices from 22 sAD patients, 5 fAD E22G (Arctic), and 8 fCAA E22Q (Dutch) cases ([Table S1](#d35e658){ref-type="supplementary-material"}). Additionally, we examined six cases from fAD patients bearing the Swedish mutation (which occurs outside the Aβ coding region). This familial mutation provides an important control as it alters the β-secretase cleavage site N-terminal to the Aβ peptide region, which results in an increase in production of Aβ but not the amino acid sequences of the processed Aβ peptides. In each case, 40--70 plaques were imaged and their location (parenchymal versus vascular) was recorded. Using confocal imaging analysis, we observed bright staining of Aβ deposits from all of the sAD and Swedish cases. However, both parenchymal and vascular Aβ deposits in fAD Aβ(E22G) and fCAA Aβ(E22Q) brain samples showed a marked decrease in fluorescence intensity for FSB and other small-molecule amyloid dyes ([Fig. 1](#fig01){ref-type="fig"} and [Fig. S1](#d35e658){ref-type="supplementary-material"}). The low fluorescence intensity is not due to lower amounts of deposited Aβ as shown with colabeling by an N-terminal--specific Aβ antibody ([Fig. 1*A*](#fig01){ref-type="fig"}). These data clearly demonstrate that FSB intensity is a convenient indicator capable of differentiating E22G and E22Q mutant deposits from WT. Moreover, given the environment-sensitivity of this class of fluorophores, we suggest that the change in intensity reflects conformational differences between the mutants versus the WT, as previously shown in vitro using the dye thioflavin T (ThT) for position 22 mutants of Aβ peptides ([@r11], [@r35]).

![Reduced emission intensity of fluorescent β-sheet binding dyes in fAD and fCAA brain samples. (*A* and *B*) Confocal images show Aβ deposits in the brain gray matter ("parenchymal") and along the walls of the cerebrovasculature ("vascular"), also known as CAA, in sporadic, fAD \[Aβ(E22G)\] (Arctic), and fCAA \[Aβ(E22Q)\] (Dutch) samples labeled with pan-Aβ antibody (Aβ1--16; red) and the fluorescent β-sheet binding small-molecule dye FSB (green). Autofluorescent structures (i.e., lipofuscin granules) were acquired in a separate channel (blue) to contrast these structures from labeled deposits. (*C*) Quantitation of FSB fluorescence intensity in Aβ-immunolabeled parenchymal and vascular Aβ deposits. Diffuse plaques in the Aβ(E22Q) (Dutch) cases were sparse and not sufficient in number for quantitative analyses (reported as "na" in graph). Sampling for FSB: *n* = 492 parenchymal/76 vascular deposits from five sAD cases; 296 parenchymal/40 vascular deposits from three fAD \[Aβ(E22G)\] cases; 210 vascular deposits from four fCAA \[Aβ(E22Q)\] cases. (*D*) Confocal images showing curcumin labeling of parenchymal deposits in sAD and fAD cases also reveal the diffuse plaques that are not visible when using the probes in A and B. (*E*) Quantitation of curcumin fluorescence intensity in parenchymal and vascular Aβ deposits. Sampling for curcumin: *n* = 520 parenchymal/96 vascular deposits from five sAD cases; 598 parenchymal/112 vascular deposits from three fAD \[Aβ(E22G)\] cases; 206 vascular deposits from four fCAA \[Aβ(E22Q)\] cases. Data shown as mean ± SD. A one-way ANOVA with Tukey's post hoc statistical test was used for multiple comparisons. (Scale bars, 15 μm.)](pnas.1714966115fig01){#fig01}

![Spectral discrimination of distinct Aβ conformations in sAD and fAD patients. (*A*) Confocal microscopy-based emission spectra from curcumin-, FSB-, and BF-188--labeled Aβ parenchymal and vascular deposits for one representative patient of each disease type. Data shown as mean ± SD. (*B*) Projection of the combined spectra into the eigenspace defined by the first two principal components (see [*Methods*](#s7){ref-type="sec"}). The sAD, fAD(Swedish), fCAA \[Aβ(E22Q)\], and fAD \[Aβ(E22G)\] are, respectively, shown in dark gray, green, cyan, and magenta. The contour levels indicate density of spectra, and the density distribution along each axis is reported on the top and to the right of the plot. (*C*) Multispectral vectors from representative patients are projected into the eigenspace defined in *B*, and their magnitudes reveal the wavelength-dependent contributions from the various dyes to the variation between the samples.](pnas.1714966115fig02){#fig02}

Previously, we found that three dyes were necessary to fully discriminate the conformations of closely related tau amyloids ([@r36]), so we similarly examined a series of dyes for the detection of Aβ deposits. Curcumin is an environment-sensitive dye ([@r34]), which we found to be particularly useful because of its higher relative fluorescence intensity for fAD \[Aβ(E22G)\] and fCAA \[Aβ(E22Q)\] deposits compared with traditional histochemical dyes ([Fig. 1 *C* and *E*](#fig01){ref-type="fig"}). Indeed, the diffuse parenchymal plaques in the E22G and E22Q brain samples can be discriminated from WT based on both the intensity and the shape of the emission spectrum ([Figs. 1 *C* and *E*](#fig01){ref-type="fig"} and [2*A*](#fig02){ref-type="fig"} and [Fig. S1](#d35e658){ref-type="supplementary-material"}). We also examined the benzimidazole BF-188 as a third probe, which has been reported to be a conformation-sensitive amyloid dye ([@r37]).

[Fig. 2](#fig02){ref-type="fig"} shows significant differences in the intensity-normalized spectra averaged over each patient group. While the averages are informative, the variations between individual spectra provide even more valuable information about the homogeneity and conformational differences between individuals and regions in the brain. To facilitate this comparison, we used PCA ([*Methods*](#s7){ref-type="sec"}), which allows one to project the variations in the thousands of spectra into a few dimensions. Indeed, 68% of the spectral variation can be captured using only two components ([Fig. 2*B*](#fig02){ref-type="fig"}). The first component is dominated by contributions from curcumin, while the second component primarily reflects contributions from FSB. The resolving power realized by PCA of the three fluorophores can be appreciated by comparing the simple averaged spectra ([Fig. 2*A*](#fig02){ref-type="fig"}) to the plot of the first two principal components ([Fig. 2*B*](#fig02){ref-type="fig"}). The distributions for WT and Swedish variants are indistinguishable, as would be expected from their identical sequence in the Aβ region. This finding confirms our earlier qualitative conclusions based on FSB intensity and the shape of the curcumin spectra. Furthermore, the E22G mutant distribution is now very well separated from that of WT. Finally, the E22Q mutant shows some overlap but is clearly differentiable by this metric.

Recent solid-state NMR data suggest that there are a large number of biologically relevant conformers of Aβ amyloids in different individuals and disease states, but that only one or two conformational forms are found within a single brain ([@r38]). We therefore asked whether our PCA might identify intersubject variability within sAD and fAD subjects. Thus, we examined the distribution of points for the 40--70 amyloid plaques observed for each patient relative to the distribution for plaques from all patients. If the amyloid deposits in a given brain are identical with respect to conformation and isoform composition, then the plots for a given patient would match the overall distribution seen for the corresponding set of sAD or fAD brain samples. In contrast, if the overall distribution reflects a set of conformational types that vary between individuals, the points for each individual would be more tightly clustered than that of the overall population average.

In each case, the distributions observed for a given patient were more tightly clustered than the corresponding distributions for the pooled samples of a given genotype (WT, Swedish, Dutch, or Arctic). These data support the hypothesis that the conformational variability within a patient is much smaller than in the overall population. However, as shown for representative samples in [Fig. 2*C*](#fig02){ref-type="fig"}, the degree of homogeneity varied from one patient to the next ([Fig. 3*A*](#fig03){ref-type="fig"}). To facilitate a pairwise comparison of each sample, we constructed a 2D heat map that quantifies the similarity between plaques from each patient ([Fig. 3*B*](#fig03){ref-type="fig"}). This analysis clearly shows that, although there is a spread in the degree of similarity between patients of a given type, the Swedish and sporadic populations are highly similar, while the E22Q and E22G patients are clearly differentiated from each of the other samples. Interestingly, fAD \[Aβ(E22G)\] patients showed the lowest intersubject variability and were the most well separated from the other patient populations, possibly because the Glu22 to Gly replacement in E22G represents a greater perturbation than the more conservative Glu22 to Gln mutation in fCAA \[Aβ(E22Q)\] patients.

![Comparison of interpatient variability between sAD and different fAD samples. (*A*) Two-dimensional PCA plots for selected patients. (*B*) The heat map shows the spectral similarity between the patients, computed as the overlap between patient spectral distribution (see [*Methods*](#s7){ref-type="sec"}). The labels of sAD, fAD (Swedish) (Swedish AD), fCAA \[Aβ(E22Q)\], and fAD \[Aβ(E22G)\] patients are, respectively, shown in black, green, cyan, and magenta.](pnas.1714966115fig03){#fig03}

Finally, we asked whether the intersubject variability might be a result of a number of variables including brain region, age at time of death, sex, identity of the brain repository, or the location of the plaques within the gray matter (parenchymal) versus areas surrounding the vasculature ([Fig. 4](#fig04){ref-type="fig"} and [Fig. S2*B*](#d35e658){ref-type="supplementary-material"}). Of these variables, there was little correlation with sex or the brain repository. There did appear to be a potentially interesting clustering of patients according to age and brain region, although the number of patients in each group precluded an in-depth analysis. Therefore, we focused on the location of the plaques within the parenchymal versus the vasculature, as most brain slices had large numbers of each type of plaque. Thus, the staining properties of the parenchymal versus vascular plaques could be directly compared within each individual, without confounding influences associated with the other variables.

![Effect of the localization of the deposits on the Aβ conformations in sAD and fAD patients. The multispectral vectors from representative sAD (*A*), fAD (Swedish) (*B*), and fAD \[Aβ(E22G)\] (*C*) patients are projected into the eigenspace defined by the first two components of the PCA. Data are colored according to the localization of the aggregates in the brain tissue. Parenchymal deposits are shown in purple and vascular deposits in red.](pnas.1714966115fig04){#fig04}

[Fig. 4](#fig04){ref-type="fig"} illustrates data exploring the variation of parenchymal and vascular localization of deposits in sAD, fAD Swedish, and fAD \[Aβ(E22G)\] patients. In one class representing about a third of sAD patients and half of fAD Swedish patients, the points are relatively tightly clustered in the same position within the plot for both parenchymal and vascular plaques ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}, *Upper*). Thus, these "class 1" amyloids have a single conformation (within the resolution of this method) that can deposit indiscriminately between parenchymal gray matter and the vasculature. Furthermore, although the class 1 patients have highly homogeneous amyloid staining within an individual, significant variation is seen between individuals. Quite distinct "class 2" behavior can be seen for another third of the sAD and half of the fAD Swedish patients, which show two discrete clusters within a given patient: one located in the parenchymal area and the other surrounding the vasculature ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}, *Lower*). Thus, these patients appear to have a different Aβ conformational form surrounding the vasculature versus in the gray matter. The remaining sAD samples either had too few vascular plaques to allow a significant analysis, or had multiple conformations within both their parenchymal and vascular deposits ([Fig. S3](#d35e658){ref-type="supplementary-material"}).

In contrast to the differing behavior seen between patients with sAD and fAD (Swedish), all of the fAD \[Aβ(E22G)\] mutants showed class 2 behavior ([Fig. 4*C*](#fig04){ref-type="fig"}). Two clusters were seen within a given patient, one in the parenchyma and one surrounding the vasculature. Furthermore, for each patient sample, the parenchymal plaques populated an elongated region of the plot, the first component of which reported on the location of the plaques, while the second component reported on the variation between individuals. There were too few fCAA \[Aβ(E22Q)\] parenchymal plaques present in the brains to permit a similar analysis.

Synthetic WT and Mutant Aβ Amyloid Propagates in Vivo. {#s3}
------------------------------------------------------

Previous studies with synthetic peptides have indicated that the position 22 mutants aggregate more rapidly than WT ([@r11], [@r13], [@r35]) and serve as a seed to induce rapid aggregation of WT ([@r11]). We therefore asked whether synthetic mutants could act as prions to template fAD \[Aβ(E22G)\]- and fCAA \[Aβ(E22Q)\]-like conformations of WT protein in vitro and in vivo. For these studies, we used synthetic Aβ40 (the most abundant isoform produced in humans and in Tg mice) and methods of in vitro fibril formation and characterization similar to earlier studies ([Fig. S4](#d35e658){ref-type="supplementary-material"}). Briefly, kinetic analysis of amyloid formation using the ThT fibrillization assay ([Fig. S4*C*](#d35e658){ref-type="supplementary-material"}) or under label-free conditions using solution 1D-^1^H NMR ([Fig. S5](#d35e658){ref-type="supplementary-material"}) confirmed that mutant Aβ40 peptides aggregate more rapidly than WT Aβ40. Moreover, the mutant fibrils reached a lower absolute ThT fluorescence intensity at the end of the amyloid formation process ([Fig. S4*D*](#d35e658){ref-type="supplementary-material"}), indicating a different conformation, which is consistent with earlier studies ([@r11], [@r35]), and matching our above observations using clinically derived samples. All samples contained fully formed fibrils, so the low observed intensity was not a result of less complete fibril formation ([Fig. S4*E*](#d35e658){ref-type="supplementary-material"}).

To investigate conformational differences, we adapted the confocal spectral imaging approach to discriminate WT and mutant synthetic fibrils ([Fig. S6](#d35e658){ref-type="supplementary-material"}). We immobilized WT or mutant fibrils in agarose gel and stained them with the panel of fluorescent amyloid dyes used on human brain slices ([Fig. S6 *A*--*C*](#d35e658){ref-type="supplementary-material"}). Performing PCA of curcumin, FSB, and BF-188 spectra, we identified distinct conformations of synthetic WT and mutant fibrils ([Fig. S6 *D* and *E*](#d35e658){ref-type="supplementary-material"}).

To determine whether mutant Aβ fibrils could template WT Aβ to fold into a mutant-like conformation, we performed a series of in vitro seeding experiments that combined mutant Aβ40 and WT Aβ40 as the substrate, followed by fluorescence intensity measurements using ThT. We exposed monomeric WT Aβ40 to preformed mutant Aβ40(E22G) and Aβ40(E22Q) fibrils in a ratio of either 90:10 (10%) or 99:1 (1%) ([Fig. S4 *E* and *F*](#d35e658){ref-type="supplementary-material"}). Mutant Aβ led to templated amyloid formation of WT Aβ40 in a low ThT-binding conformation, consistent with the reduced fluorescence intensity seen in fAD brain samples ([Fig. 1](#fig01){ref-type="fig"}) and spontaneously formed synthetic fibrils ([Fig. S4*C*](#d35e658){ref-type="supplementary-material"}). Thus, the sequence changes in these mutants encipher altered conformations that resemble the pathogenic plaques found in fAD.

Encouraged by these in vitro templating results, we modeled the interaction between mutant Aβ40 fibrils and WT Aβ in vivo. We inoculated Tg(APP23) mice expressing WT Aβ with synthetic fibrils composed of either WT Aβ40, Aβ40(E22G), or Aβ40(E22Q) ([Fig. 5](#fig05){ref-type="fig"} and [Fig. S7](#d35e658){ref-type="supplementary-material"}). All three fibril preparations induced widespread Aβ deposition throughout the corpus callosum region bordering the CA1 area of the hippocampus, a signature pattern following intrathalamic inoculation in our experimental paradigm ([Fig. 5 *A*--*C*](#fig05){ref-type="fig"} and [Fig. S7 *A* and *B*](#d35e658){ref-type="supplementary-material"}). We observed different fluorescence intensities for amyloid plaques induced by mutant and WT synthetic Aβ40 prions ([Fig. 5 *D*--*F*](#fig05){ref-type="fig"}). Tg(APP23) mice inoculated with WT Aβ fibrils displayed relatively bright fluorescence intensity of FSB-, BF-188--, or curcumin-labeled plaques, while inoculation with mutant Aβ prions showed a marked reduction in signal ([Fig. 5 *D*--*F*](#fig05){ref-type="fig"}), similar to our findings in vitro and in patient tissue. It is important to note that these mice express only WT Aβ and that these changes in deposit phenotype are solely based on a distinct amyloid conformation induced by structurally distinct synthetic Aβ40 prions used for propagation in vivo.

![Synthetic mutant Aβ40 prions transmitted to mice expressing WT Aβ induce a distinct conformation. (*A*) Brain-slice staining for Aβ (Aβ1--16 epitope) and GFAP-immunolabeled astrocytes reveal the stereotypical deposition pattern induced in the corpus callosum above the CA1 region of the hippocampus following thalamic injection, but with strikingly different FSB fluorescence signal (*B*). (Scale bars, 50 μm in *A*; 25 μm in *B*.) (*C*--*E*) Tg mice inoculated with synthetic mutant Aβ40 prions show reduced fluorescence intensity of (*C*) FSB, (*D*) BF-188, and (*E*) curcumin signals in induced plaque deposits compared with control mice inoculated with synthetic WT Aβ40 prions. Quantitation of (*C*) FSB plaque intensity (*n* = 4 animals per group/292 plaques), (*D*) BF-188 plaque intensity (*n* = 4--5 animals per group/1,336 plaques), or (*E*) curcumin plaque intensity (*n* = 4 animals per group/195 plaques) is shown. Data shown as mean ± SE of mean. A one-way ANOVA with Tukey's post hoc statistical test was used for multiple comparisons. (*F*) Spectral analysis using a combination (see [*Methods*](#s7){ref-type="sec"}) of curcumin, FSB, and BF-188 spectra datasets. The density distribution along each axis is reported on the top and to the right of the plot. (*G*) Projections of the spectra from individual mice into the eigenspace defined by human patients.](pnas.1714966115fig05){#fig05}

To test the molecular conformation of the induced Aβ deposits, we analyzed the fluorescence spectral profiles of bound amyloid dyes and found a similar trend in curcumin spectral shifts ([Fig. S7*C*](#d35e658){ref-type="supplementary-material"}) compared with Aβ deposits found in the patient samples ([Fig. 2*A*](#fig02){ref-type="fig"} and [Fig. S1*B*](#d35e658){ref-type="supplementary-material"}). Using a combination of curcumin, FSB, and BF-188 spectra to perform PCA further differentiated the mutant and WT Aβ40 prion-induced plaques ([Fig. 5*G*](#fig05){ref-type="fig"}). Therefore, inoculation of the 40-residue isoform of synthetic mutant Aβ was sufficient to model key aspects of fAD and fCAA strains in mice expressing WT Aβ. PCA of FSB-, BF-188--, or curcumin-labeled plaques provided additional information about the conformations induced by synthetic fibrils in mouse brains and how these compared with the conformations seen in human brains ([Fig. 2*B*](#fig02){ref-type="fig"}). Comparing the distributions seen for human brains to mouse brains inoculated with a synthetic sample shows several interesting features ([Fig. 5*G*](#fig05){ref-type="fig"}). First, relatively sharp distributions are apparent for a given synthetic peptide with very little intermouse variability, indicating that a given synthetic peptide induces a relatively homogeneous conformational form in the WT Aβ expressed in a given mouse. Second, there is a significant separation between the distributions induced by WT, E22Q, and E22G mutants, similar to the separation seen when comparing sAD with fAD mutants. Finally, the WT Aβ40-seeded mouse has a distribution located near the central region observed for sAD patients, while the E22G-seeded materials were located near the corresponding region seen in patients bearing the Arctic mutation. The distributions for the E22Q-inoculated brains were also close to the most populated region in patients bearing the E22Q mutation, although the overlap was not as good as for WT and E22G. Taken together, these data clearly show that the synthetic Aβ40 mutant peptides act as prions to induce distinct conformational strains of amyloid in mice expressing WT Aβ40, and these prion-templated conformational strains show many similarities to those seen in the corresponding fAD and fCAA patients.

Inoculation of Mutant Aβ40 Fibrils Leads to Enhanced Deposition of WT Aβ38 in Mouse Brains, Reproducing a Key Feature of fAD. {#s4}
-----------------------------------------------------------------------------------------------------------------------------

We investigated whether inoculation of Tg mice with mutant Aβ40 prions also affected the amount of Aβ38 deposition. Brain slices of the inoculated mice were immunolabeled with isoform-specific antibodies. Quantitative confocal imaging revealed that both Aβ40(E22G) and Aβ40(E22Q) synthetic prions induced a significant increase in the levels of Aβ38 isoform recruited to induced plaques ([Fig. 6](#fig06){ref-type="fig"}). This finding is entirely consistent with both neuropathological observations in fAD brain samples ([Fig. S8*A*](#d35e658){ref-type="supplementary-material"}) as well as histochemical observations following transmission of fAD and fCAA brain extracts to Tg(APP23) mice ([Fig. S8 *B*, *D*, and *E*](#d35e658){ref-type="supplementary-material"}). Together, these data demonstrate that a mutant conformation of a single Aβ isoform is sufficient to induce the unique deposit characteristics in Tg mice expressing WT Aβ.

![Synthetic mutant Aβ40 fibrils induce recruitment of the Aβ38 isoform in vivo. Tg (APP23) mice inoculated with synthetic mutant Aβ40 prions have differential levels of accumulated Aβ isoforms within the induced plaque deposits found in the corpus callosum/CA1 hippocampal region compared with control mice inoculated with WT Aβ40. (*A*--*C*) Confocal images show Aβ38 (green) and Aβ40 (red) immunopositive plaques in mice inoculated with WT Aβ40, Aβ40 (E22G) (Arctic), or Aβ40 (E22Q) (Dutch) fibrils. (*D*) Quantification of Aβ38 and Aβ40 levels is shown (*n* = 4 animals per group/307 plaques, data shown as mean ± SE or mean). A one-way ANOVA with Tukey's post hoc statistical test was used. (Scale bar, 25 μm.)](pnas.1714966115fig06){#fig06}

Characterization of Mutant Aβ38 Fibrils in Vitro Provides Insight into the Robust Aβ38 Deposition in fAD. {#s5}
---------------------------------------------------------------------------------------------------------

To gain further insight into the enriched deposition of Aβ38 in fAD and fCAA patients ([@r2]) and in patient brain-inoculated mice ([@r19]), we characterized the intrinsic properties of synthetic Aβ38 and Aβ38(E22G) in vitro ([Fig. S9](#d35e658){ref-type="supplementary-material"}). WT Aβ38 displayed a very low aggregation propensity, reaching the half-maximum of ThT fluorescence \[T~(ThTmax-1/2)~\] in ∼20 h compared with ∼3 h for WT Aβ40 ([Fig. S9 *A* and *B*](#d35e658){ref-type="supplementary-material"}). In contrast, mutant Aβ38(E22G) aggregated almost immediately, albeit with low ThT fluorescence ([Fig. S9*A*](#d35e658){ref-type="supplementary-material"}), as observed with all mutant Aβ peptides in this study ([Fig. S3](#d35e658){ref-type="supplementary-material"}). Synthetic Aβ38 and Aβ38(E22G) fibrils were probed with a panel of conformation-sensitive fluorescent dyes ([Fig. S10*A*](#d35e658){ref-type="supplementary-material"}). Conformational probing by PCA revealed that WT Aβ38 and Aβ40 fibrils occupy a distinct conformational space that is in good agreement with their different aggregation propensities ([Fig. S10*B*](#d35e658){ref-type="supplementary-material"}). In contrast, when Aβ38 and Aβ40 shared the E22G mutation, fibrils produced overlapping clusters, which suggests a very similar conformation.

The significant difference in aggregation kinetics between mutant and WT Aβ38 explains the accumulation of mutant Aβ38 in fAD cases and its absence in sAD samples. Moreover, elevated levels of plaque-associated WT Aβ38 in our in vivo experiments suggest a preferred recruitment of Aβ38 by mutant Aβ(E22G/Q) prions. Taken together, the data show that the high aggregation propensity of mutant Aβ38 in combination with preferred templating of WT Aβ38 by mutant Aβ prions ([Fig. 6](#fig06){ref-type="fig"}) are likely the main causes for the robust deposition pattern of Aβ38 in fAD and fCAA.

Discussion {#s6}
==========

Here, we develop a confocal fluorescence microscopy technique with multiple fluorescent dyes to assess the degree of homogeneity and similarity in amyloid plaques of diverse origins, spanning from in vivo- to in vitro-derived materials. Deposits from fAD \[Aβ(E22G)\] and fCAA \[Aβ(E22Q)\] patients can be distinguished from sAD patients based on the fluorescence intensity of several amyloid-staining dyes. Furthermore, additional fine-tuned structural differences in amyloid plaques can be distinguished from the shape of the emission spectra of multiple dyes; PCA of these data provides 2D fingerprints with considerable resolving power. These fingerprints are influenced by the conformational strain of the amyloids, and possibly also the relative ratios of the different Aβ peptide isoforms forming the plaques. At the grossest level, they provide a second metric that readily distinguishes amyloid plaques from sAD versus fAD \[Aβ(E22G)\] and fCAA \[Aβ(E22Q)\] patients.

The 2D fingerprints generated in this work can be used to probe conformational homogeneity and similarity in much the same way as chemical shifts are used to provide a conformational fingerprint from solid-state NMR ([@r35], [@r38]). The major advantage, however, is that this method can be used directly to interrogate biological samples, and it does not require purification of the amyloids or seeding of large amounts of isotopically labeled peptides in vitro. We first use the method to examine inter- and intrasubject heterogeneity in sAD brains. In each case, intrasubject variability is less than intersubject variability, but the degree of intrasubject homogeneity is not uniform among all patients. In class 1 patients, it appears that one conformational form arises and then spreads as a prion throughout both the gray matter and the region surrounding the vasculature. In contrast, in class 2 patients, structurally different amyloids appear to deposit in these two anatomically distinct regions.

This method might also prove to be a useful strategy to differentiate amyloid conformations that predispose the brain toward disease. There is a clear separation between rapidly progressing E22Q and E22G mutants versus the sAD cases. We also see intriguing separations based on patient age at time of death, which suggests it might be possible to differentiate patients for whom disease progresses most rapidly. However, it will be necessary to conduct additional experiments in which other variables, such as sex and brain region, are more carefully controlled before making firm conclusions along these lines.

Although the neurovascular toxicity of mutant Aβ ([@r39][@r40]--[@r41]) and the efficiency of its clearance from the brain ([@r42]) have been extensively studied in vivo, the role of mutations in propagating unique Aβ amyloid-deposition phenotypes in the AD brain remains poorly understood. Particularly, the precise mechanisms underlying the interaction between different Aβ isoforms and the distinct structural characteristics of Aβ deposits in fAD are unknown. Molecular characterization of AD has been traditionally performed in human postmortem samples or in Tg mouse models with a defined pathological phenotype. However, this changed when investigators exploited the prion mechanism by exogenously administering different self-propagating Aβ conformations into Tg mice ([@r17][@r18]--[@r19], [@r43][@r44]--[@r45]).

Importantly, we previously demonstrated that transmitting a single, synthetic Aβ isoform, artificially formed into a different conformation, is sufficient to catalyze distinct patterns of cerebral amyloidosis in recipient mice ([@r17]). Alternatively, distinct Aβ fibril conformations can be induced by familial mutations at residue 22, which represents a structural switch for distinct amyloid conformations ([@r35], [@r46]). In the present study, we inoculated mice with synthetic Aβ40 fibrils containing fAD-associated substitutions at this position to test our hypothesis that mutant Aβ directs WT Aβ to misfold into a prion. Remarkably, mutant Aβ induced plaques in these mice that showed reduced intensity for amyloid dyes and a distinct 2D spectral fingerprint ([Fig. 4](#fig04){ref-type="fig"}). These characteristics are consistent with the strain features that we observed in the human fAD brain and following transmission of AD patient samples to Tg mice ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"} and [Fig. S7*A*](#d35e658){ref-type="supplementary-material"}).

Experimental propagation of mutant Aβ prions in vitro and in vivo has demonstrated that the mutants have a dominant-templating effect on WT Aβ, which adopts a mutant prion structure. Bigenic mice expressing human WT and mutant Aβ exhibit brain deposits that shift to a morphologically distinct cerebrovascular phenotype ([@r47], [@r48]). Furthermore, it has been postulated that the Δ22E (Osaka) mutant of Aβ acts in a dominant-negative manner; the high propensity of this mutant to aggregate leads to the formation of seeds that can induce rapid fibrillization of WT Aβ ([@r11]). Similarly, we find that the mutants studied here aggregate very rapidly and seed WT Aβ in vitro. In animal models, these variants ([@r35]) induce novel phenotypes, which model key aspects of fAD \[Aβ(E22G)\] and fCAA \[Aβ(E22Q)\], including the ability to induce the incorporation of WT Aβ38 within the plaques ([@r2]). In contrast to fAD, there is typically little to no Aβ38 deposition in most sAD cases, with the exception of a report describing a low to moderate level of Aβ38 deposition in the cerebrovasculature ([@r3]). It is known, however, that increased Aβ38 deposition occurs in other forms of early-onset fAD that are caused by point mutations in *APP* near the γ-secretase cleavage site ([@r49], [@r50]) or in the presenilin genes (*PSEN1* and *PSEN2*), which encode the catalytic subunit of γ-secretase ([@r51][@r52]--[@r53]). Altered trimming of APP can produce a higher proportion of Aβ42 and Aβ38 in the total Aβ pool ([@r54][@r55]--[@r56]). Thus, it has been unclear how fAD cases caused by a point mutation within the Aβ coding region (which does not directly alter Aβ production) could increase the proportion of Aβ38. Our finding that synthetic mutant Aβ40 prions are sufficient to induce the preferential incorporation of WT Aβ38 in Tg mice expressing only WT Aβ isoforms ([Fig. 5*D*](#fig05){ref-type="fig"}) strongly suggests that preferred templating of Aβ38 is an important mechanism for its elevated deposition in the fAD patient brain. Together, our in vitro and in vivo experiments show that WT Aβ38 is preferentially templated by mutant Aβ prions and that mutated Aβ38 has an increased propensity to aggregate. These two independent mechanisms act synergistically to cause Aβ38 deposition in fAD cases.

In summary, position 22 mutants of Aβ adopt a dominant prion conformation defining the fAD phenotype. By studying Aβ prion self-propagation in vivo using novel conformation-specific tools, new strains of WT Aβ prions may be identified that explain rapidly progressive sAD ([@r57], [@r58]) or the pathologic heterogeneity among patients with similar cognitive function ([@r59][@r60][@r61]--[@r62]). Indeed, WT Aβ misfolds into unique prion strains in different environmental conditions, and these strains cause distinct pathologies when transmitted to mice ([@r17]), indicating that structural variation of the Aβ prion conformation may similarly occur in different AD patients ([@r23], [@r38]). Taken together, our findings argue that the deposition pattern within specific regions of AD patients is likely defined by the first stable Aβ prion formed through a kinetically dominant self-propagation process. Indeed, in some cases only a single conformational form within an individual is detected using the methods developed in this work. Using the prion paradigm to characterize the many sets of patient-derived Aβ prion strains will further elucidate the molecular spectrum of AD diversity. Indeed, insights from our earlier studies ([@r17]) suggest that even WT Aβ40 and Aβ42 possess a structural plasticity to form distinct prion strains. This characteristic may shed light on the more common forms of sAD where a subset of pathologically confirmed cases do not present with a positive PiB-PET scan antemortem ([@r63]). Importantly, our studies show the immediate need for clinical PET probes that can detect a broader spectrum of pathological Aβ conformations, as shown for newly developed amyloid tracers ([@r64], [@r65]). Probes that are more sensitive will result in earlier AD detection, providing a longer time frame for therapeutic interventions in mild, or even subclinical, AD patients.

Methods {#s7}
=======

Neuropathology. {#s8}
---------------

All comparisons were conducted on brains from age- and sex-matched animals. Animals were maintained in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International in accordance with the *Guide for the Care and Use of Laboratory Animals* ([@r66]). All procedures for animal use were approved by the University of California, San Francisco's Institutional Animal Care and Use Committee. Samples were immersion-fixed in 10% buffered formalin and then embedded in paraffin using standard procedures. Sections (8 µm) were cut, deparaffinized, and then processed for immunohistochemistry. Sections to be stained with anti-Aβ antibodies were pretreated by incubation in formic acid followed by heated sodium citrate buffer as an epitope retrieval step. Following blocking with 10% normal goat serum, sections were incubated with primary antibody overnight at room temperature. The following antibodies were used: anti-Aβ (Aβ1--16 epitope; BioLegend) and anti-GFAP (Dako) to detect astrocytic gliosis. Antibody binding was performed using goat secondary antibodies with conjugated AlexaFluor 488 and AlexaFluor 647 (A-21245; Life Technologies).

For immunofluorescence, double-staining with specific antibodies targeting Aβ38 (clone 7-14-4; BioLegend 808601), Aβ40 (Millipore AB5074), and Aβ1--16 (BioLegend 802901), brain sections were pretreated by incubation in formic acid followed by heated sodium citrate buffer as an epitope retrieval step. Sections were blocked with 10% normal goat serum and then incubated with primary antibodies at a 1:250 dilution overnight at room temperature. The following day, sections were thoroughly washed and incubated with the fluorescent secondary antibodies, goat anti-mouse AlexaFluor 488 (A-11029; Life Technologies), and goat anti-rabbit AlexaFluor 647 (A-21245; Life Technologies). All immunohistochemistry stained sections were subsequently stained with 2.5 µM FSB (Congo red derivative) ([@r67]) (Santa Cruz) in 1× PBS and washed before mounting. Fluorescence intensity and spectral measurements also used BTA-1 ("PiB" precursor; ThT derivative) ([@r68]) (Sigma), BF-188 ([@r37]) (custom synthesis), and curcumin (Sigma \#08511).

Samples were visualized using a 40× water-immersion lens (1.1 NA) in sequential scan mode on a Leica SP8 confocal microscope equipped with three *HyD* detectors and an acousto-optical beam splitter. Using control (spontaneous disease) brains to establish standardized acquisition settings for all experimental groups, 8-bit image *z*-stacks (1.5-µm steps) were collected at 1,024 × 1,024 pixel resolution with the full dynamic range of fluorescence intensity.

Confocal-Based Spectral Profiling of Fluorescent Amyloid-Binding Dyes in Brain Slices and Gel-Embedded Synthetic Fibrils. {#s9}
-------------------------------------------------------------------------------------------------------------------------

Curcumin-, BF-188--, and FSB-labeled Aβ deposits were imaged in the spectral (Lambda) scan mode of a Leica SP8 confocal microscope using a 40× water immersion lens (1.1 NA), a 405-nm laser for fluorescent amyloid-dye excitation, and a *HyD* detector at 512- × 512-pixel resolution. For each field-of-view in the brain slice experiments, the optical plane was moved to the center of the *z*-stack volume for a given Aβ deposit, and fluorescence emission was acquired from a series of 40-image steps spanning 385- to 765-nm wavelengths using a 15-nm-wide detection window at each interval. For each field-of-view in the gel-embedded synthetic fibril experiments, confocal *z*-stack at multiple random positions in a well was acquired with identical spectral parameters as described above (XYλZ mode) using a 63× water immersion lens (1.2 NA). The size of the *z*-stack ranged from 100- to 200-µm thick depending on the density of aggregates in a given well. Raw spectral data were analyzed with Leica LASAF and NIH ImageJ software.

Principal Component Analysis. {#s10}
-----------------------------

The signal-processing algorithm for the analysis of the spectra was implemented in Python using NumPy and sklearn packages. Sudden spikes in each spectrum (a result of occasional noise in the photodetector) were first removed using a five-element sliding window spline function, and all spectra were rescaled to a \[0, 1\] interval. To combine the spectral information from the different dyes, a new dataset of multispectral vectors was built. For a given patient and localization, a multispectral vector was composed by randomly concatenating an emission spectrum from each dye. Forty to 70 vectors were assembled for each patient. A PCA was then performed on the obtained dataset, and each vector was projected into the eigenspace defined by the two first components (covering about 60--75% of the variance).

Spectral Overlap Analysis. {#s11}
--------------------------

A kernel density estimate was used to estimate the 2D spectral distribution for each patient after projection into the eigenspace defined by the two first principal components. The similarity between two patients was computed as the integral of the union of their respective distributions.
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